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I. INTKODUCTION 
In the domain of sugar chemistry there remains, among 
other thin/^s, one outstanding problem to be solved in a 
satisfactory manner - the detemination of the ^geometrical 
structures of the sugars. A knowledge of the vibrational 
frequencies of the sugar molecules iniKht do much to help 
solve this problem, if the vibrational frequencies of the 
sugars were known, they could be compared with those of com­
pounds thouf-ht to be similar and possessing well known struc­
tures, and thus an insight into the structures of the suj;;ars 
might be obtained. These frequencies depend on the masses of 
the atoms, the £;,eoraetrical confIruratlon of the molecule, and 
the Hooke's law force constants of the valence bonds and 
angles. They will be characteristic of a given sugar and 
should, therefore, be quite useful for qualitative and possi­
bly quantitative analysis in sugar chemistry. Then too, a 
complete set of vibrational frequencies of a sugar would per­
mit a dynamical analysis to be made with its resultant proof 
of geometrical structure. This last item, however, would be 
very difficult for even a pentose sugar if carried out with 
full mathematical rigor. 
These vibrational frequencies are obtainable from the 
following: 
(a) as constant frequency differences in electronic 
emission spectra; 
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(b) as constant frequency differences in olectronic 
absorption spectra; 
(c) as infra-red absorption lines (or bands); 
(d) as infra-red reflection linos (or bands); 
(e) from specific heat measurements; 
(f) from fluorescence; and 
(g) from Raman spectra. 
In examining these methods we may say: 
(a) The necessary thermal or electrical excitation would 
decompose the su^jar nolecules. 
(b) The published ultra-violet absorption spectra of any 
sugars show only continuous absorption or broad bands, no 
discrete lines. 
(c) and (d) The present technique requires the sub­
stances to be liquids, {/ases, or fair-sized single crystals. 
Harmful temperature effects preclude the use of sugars as 
liquids or it; is very difficult to obtain large 
sinfle crystals of the muta-rotatlnj; surars. The infra-red 
absorption spectra of the sugars in solution nay still be 
studied, however, provided the solvent (almost necessarily 
water) allows the sugar to retain its form. 
(e) The theory of specifio heats does not allow us to 
treat such complicated molecules at present. 
(f) If the sugar molecule is to fluoresce, then it must 
be irradiated with light wliich it can absorb, and this light 
may be of such a hlgli frequency as to destroy the molecule. 
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(g) There remains the Raman effect, and in the present 
investigation we have had recourse to 3t for the finding of 
the vibrational frequencies of some of the sugars. 
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II. PREVIOUS INVESTIGATIONS 
The Infra-red absorption spectra of some molten sut":ara, 
of various sugar solutions, and of crystals of sucrose have 
been x'eported, as have the ultra-violet absorption spectra 
and Raman spectra of soise sugar solutions and the Raman spec­
trum of crystalline sucrose. These references (those concern­
ing the ultra-violet absorption spectra excepted) have been 
placed in the appended ;; .riTOGitAPlIY for ready reference. The 
previous data will be compared with those obtained in the 
present investigation in the tables under RESULTS. 
It is well known, of course, that certain sugars undergo 
the phenomenon of muta-rotation when placed in solution. In 
all investigations of the Raman and infra-red absorption 
spectra prior to this, those muta-rotating sugars studied 
were examined in solution. The time intervals involved in 
obtaining: the Raman spectra were certainly groat enou^^h to 
ensure that equilibrium solutions were present, and the saiue 
is probably true of the infra-red work. These workers, then, 
obtained the superposition of the vibrational spectra of 
water and the various foims of the sugars in equilibrium with 
one another. 
If it is desired to obtain the Raman spectra of the o(. 
and ^isomers of a muta-rotating sugar, it is necessary to 
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study the pure od and ^ forms in the solid state®. As will be 
discussed shortly, insofar as technique is involved, it is 
much easier to obtain tho Raman spectrum of a large single 
crystal than it is that of a powder. But to obtain a large 
single crystal of the or ^ form of a muta-rotatint: sugar 
necessitates a lcnowledt;e of the phase diagram of tb.e suc;ar, 
inasmuch as the mother liquor must not only be supersaturated 
with respect to the sugar, but it nust also be supersaturated 
with respect to the oC or ^ modification desired. This desire 
for large crystals has evlrlently not been extremely ardent in 
the past and people have contented themselves with obtaining 
pure, but small crystals (usually powders) by successful 
albeit somewhat arty methods. It is easy to criticize such 
methods but difficult to devise better ones. In addition, 
the problem of growing crystals of the sugars from water is 
rendered still more difficult by the extre e solubility of 
some of them. This high solubility makes the aqueous solu­
tion 80 viscous that usually some diluent must be souf;ht 
which will make the solution more mobile (allow the } olecules 
to move, so that the crystals can prow), decrease tho solu­
bility of the sugar, and still ir.ake the desired form crystal­
lize. Therein lies the artiness. 
a 
If the pure forms could be isolated in some other man­
ner, e.£., by dissolving them in some solvent in which reten­
tion of form was obtained, or by dissolving them in water and 
obtaining the Raman spectrum in a few minutes before muta-
rotation occurred to any extent, then it would, possibly, not 
be necessary to study them as solids. 
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The raethoda for obtalnlnf: the Ramun apectrn of crystal­
line powders have been summarized by Kohlrausch (I § 17, 
II § 11C )®. The ideal metJmd would bo one in w}ilch the powder 
would be irradiated with a ironochromatic beam of light, and 
then only the Raman lines allowed to enter the spectrograph. 
In the case of powders, the tiny crystals tend to reflect the 
primary light (the direct light from the arc) into the 
spectrot;raph. In acldition, the scattered li;'::ht itself con­
tains the exciting lines, and these lines are always much 
more Intense than the Raman lines. This light (the primary 
light and the excitlnt' lines) wends its way not only to that 
portion of the plate allotted to it by the dispersive power 
of the spectrojrraph, but also to the whole plate, on account 
of multiple reflections from the optics and (ironically) the 
baffles^. In the case of poor scatterers, then, this light 
must be kept out of the spectrograph, or else the Raman lines 
will be either partially or wholly obliterated. 
Ananthakrishnan^^'^'® has partially solved the problem 
by the use of complementary filters, by usinr one filter 
Literature citations have been divided Into two {groups; 
(1) those referrinjfi to books or review articles are dosic-
nated by Roman numerals in parentheses, and (2) those refer­
ring. to orii'inal literature articles are designated by super­
script Arabic numerals. 
^Vvlien a spectrograph is used to obtain pictures with ex­
posure times of a minute or an hour, this false lif^ht is not 
troublesome. However, when workinji at low levels of light 
Intensity, jL.e., Raman effect, exposure times are frequently 
25 hours or longer, and the factors Just stated become 
important, even though the false light is only a fraction of 
a per cent of the total. 
to remove the light to the high-wave-length side of, say, 
Hg A 4047 A, allowing the 4047 line to excite the Raman spec­
tra, and then interposing a second filter between the scatter 
ing substance and the spectrograph to absorb tho 4047 line 
and the radiation to the low-wave-length side of It. This 
method is not entirely satisfactory because the absorption 
spectra of filter glasses and filter solutions do not have 
sharp cut-offs. 
2 3 The men at Graz ' have devised an ingenious arrangement 
which more nearly approaches the Ideal. In Figure 1®^ is 
shown a schematic diagram of their disposition of the 
"Nachzerlegung" (supplementary analyzer) and the "Hauptzer-
legung" (principal analyzer or spectrograph proper). Neg­
lecting for the nonce the "Nachzerlegung", imagine the slit 
to be illuminated with light from a mercury arc and this 
light to pass from left to right through the "Kauptzerlegxmg" 
The Instrument would bring the spectrum in focus in the plane 
of the plate, and the Indigo line (Hg e,\ 4358 A) would fall 
at e and the blue-groen line (Hp, d, 4916 A), at Now neg­
lecting the "Hauptzerlegting", and passing the light from 
right to left through the "Nachzerlegvmg", It la seen that 
the corresponding lines fall at and d'. In the "Nachzer­
legung" the plate is replaced by a glass vessel with a plane 
window, and in this vessel (beliind the window) is the sample 
whose Raman spectrtun la to be obtained. If the sample is 
®The figures follow the BIBLIOGRAPHY. 
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illuminated by light from a mercury arc containing only Hg e 
(the Incident light, "Einstrahlving", being in the direction 
of the arrow), part of this light will be reflected by the 
crystals in various directions or else be absorbed by the 
crystals and re-emitted in all directions. The lens ^  will 
pick up a cone of light, render It parallel, and the light 
will then pass throu^ih the "Nachzerlegmg" and the "Hauptzer-
legung". There is, however, only one vertical portion of the 
face of the sample from which Hg jB light can pass through the 
"Nachzerlegung" and fall on the slit, thereby getting into 
the "Hauptzerlegimg". This vertical portion la at e', the 
position at which Hg e falls when the light comes through the 
"Nachzerlegung" from right to left. If, now, la covered 
by a screen, the only light which can get Into the "Hauptzer-
legung" la the light to the long-wave-length side of Hg e, 
and it is in this portion of the apectrum that the Raman 
lines lie. A long exposure la then poaalble wxthout the 
above-mentioned fogging of the plate by the exciting line. 
In Flgtire 2 Is shown the fore- or pre-analyzer ("Vorzer-
legung") which Is used at Graz for obtaining monochromatic 
(or nearly so) Hg (This monochromatic Hg e functions as 
the "Einstrahlung" in Figure 1.) The "Hauptzerlegung" is not 
shown here. A vertical indigo image of la focused on the 
face of the aample and the screen B covers up that portion of 
the sample referred to above as £*. In Figure 2, Hg o and 
Hg h refer to the green line ( A 5461 A) and one of the 
violet linos ( A4047 A), respectively. In order to get a 
high Intensity of light striking the sample, it is necessary 
to work with fairly wide slits s ca. 2rain), and this in 
turn requires that the dispersive power of the prisms and 
^ in Figure 2 be rather high. This latter is accomplished 
by using hollow glass prisms filled with ethyl cinnamate. It 
is to be noted that the mercury arc in Figure 2 is vertical 
and that the reduced image of ^  on the sample is also verti­
cal. The Raman spectrvmi on the plate will be Intense only in 
the region of the plate conjugate (in wave length) to that 
portion of the sample strongly Illuminated. If the image of 
the arc does not cover that portion of the sample from, say, 
4358 to 5200 A (= 0 to 3700cm"^), then, in general, more 
than one exposure will be necessary to obtain the entire 
Roman spectrum. 
In Figure 3 (from Reltz®) are shown two pictures of 
p-hydroxybenzaldehyde. The upper one was taken with wide 
slits in the "Vorzerlegung" and an exposure time of three 
hours; the lower one, with narrow slits and an exposure time 
of twelve hours. In this flt^ure, Hg £ refers to the mercury 
line 4339 A. Since this molecule contains C-H units, and 
since the region occupied by the Raman lines due to C-H 
stretching vibrations would lie between Hg d and Hg £ (when 
excited by Hg £, A 4358 A), it is to be inferred that in both 
of these exposures the image of the mercury arc covered only 
that portion of the sample {riving rise to the low AV lines. 
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The intensely overexposed portion of the pictures in Figure 3 
is due to two causes: first, tlie instrument is not perfect 
and so some Hg e (4358 A) gets Into the spectrograph proper; 
second, there are present in a mercury arc several continua, 
one of these extending: from 4000 to 5300 A with a maxlrnum at 
4850 A (III), and, although the slits of the "Vorzerlegung" 
can be made narrow enough to Isolate Kg e from the near-by 
troublesome mercury lines, they cannot bo narrowed down 
enou^jh to get rid of this continuum entirely and still have 
reasonable intensity. Most of the fogclng of the pictures in 
Figure 3 is due to a small portion of this continuum lying 
to the long-wave-length side of Hg e. 
The author has described this arrangement in some detail 
Inasmuch as be has used a similar aet-up and has tried to 
obtain the Raman spectra of some sugar powders with it. The 
sugars are such poor scatterers, however, that a monochromator 
did not yield sufficient intensity and filters did not yield 
sufficient spectral purity when working with the mercury arc 
and attempting to obtain the Raman spectra of the fine sugar 
powders* At present he Is attempting the perfection of a 
high-intensity helium arc to be used In conjunction with a 
glass filter and the double Instrument, but the results In 
this thesis were obtained with ultra-violet e:vcitation (of. 
section IV, EXPERIMEIITAL). 
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III. Tl-iE CONFOKMTION OF TliE PYRANOSh KING 
A r^ume'of various people's opinions of the (^©ometric 
4 forms possible for the pyranose ring has been given by Isbell. 
The stralnless (or nearly stralnleas) rln^ strxictures are re­
ducible to three types and are portrayec; with the round ball 
and stick i.:odels in Figure 4. Models III and IV are those of 
5 
Cox, Goodwin, and "vVagstaff . These last-named authors favor 
the model in which the five carbon atoms of the rinf;: are co-
;3lanar (or nearly so), the oxygen atom beinj: displaced out of 
this Tint, by 0.5 to 1 A. They point out that if the C-0 link 
is taken to be 1.46 A and the five carbon atoms co-planar, 
then the carbon valency angles lie between 113° and 116° ac­
cording as the bonds of the oxygen atoms make an anp.le of 90° 
or 106°. But if the G-0 bond is shorter or the carbon atoms 
not quite co-planar, the carbon valency angles approach more 
nearly their usual value of 109.5°. Then too, they say that 
the "flat" pyranose rint; allows just two forms accordini^r as 
the glycosidic hydroxy1 is cis or trans to the oxygen atom of 
the ring, whereas there are eight possible Sachse foras (to 
the contrary, of. below). Their data indicate that the 
derivatives of ^ -d-glucose are thinner than those of 
^-d-glucose and thus add weight to the accepted idea that the 
addenda to and C5 are cla In-^-glucose and trans in 
o(-^-glucoae, and they suggest further that the glycosidic 
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hydroxyl is ols to t3;o v ln^ ox-ywon In /?-d-glucoso and 
/3-d-xylose. 
As regards the elf;:ht possible Sacliae forma, Scattergood 
g 
and Paacu have found that, if those models bo ponstr\acted 
from the more f:eoinetrically accurate Flshor-Iiirsc} folder atom 
models, only tv;o forns (the trans form and the syirsnetrical 
cis) are possible because of spatial interference of the 
-CII2OH group (on C^) with groups attached to noirhborinc: 
carbon atoms. These eight foms are reproduced in Figure 5. 
The structurally similar pyranoso types (Figure 6) have 
been classified by both chemical and physical methous, and 
this classification auf, ests an obvious line of attack on the 
problem by means of Raman spectra®. However, the author has 
been able to obtain the vibrational frequencies of only a few 
of these sugars to date, and therefore his work is but a pre­
liminary excursion into the field. 
The sugars having similar structural characteristics 
will have similar vibrational frequencies. Any differences 
in the spectra of these similar pyrauose types can then be 
accounted for by structural differences. 
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IV. EXPERIMENTAL 
A. Light Source for Excitation 
Because of the temporary halt in trying; to obtain the 
Raman spectra of the crystalline sugars in the visible region, 
the author had to find some other method of excitation. If 
the essentials of the double Instrument are examined, it will 
be seen that the Raman spectra are excited by monochromatic 
llt:.ht but that the exciting line is not allowed to enter the 
spectrograph proper. In addition, theie are several other 
factors Influencint: the choice of the light source, and one 
very important one concerns the frequency of the excitlnf 
line. In general, the (greater the frequency of the exciting 
line, the greater the intensity of the scattered light. This 
is true, however, only up to a certain limit. According to 
G. Placzek (IV, pp. 226-227), if^*, the frequency of the ex­
citing line, is greater than the lowest lylnr electronic 
absorption frequency of the molecule whose Raman spectrum is 
desired, the intensity of the coherent part of the light 
scattered with imchanged frequency is independent of 7^, 
whereas the intensity of the displaced scattered llfiht, as 
well as that of the incoherent part of the scattered li^';ht of 
linchanged frequency, approaches zero. 
If the spectrvun of a hich-pressure mercury arc (one with 
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a high concentration of njercury vapor) be compared with that 
of a low-pressure mercury arc, it will be noticed that the 
intensity of one line (of four lines, if the vacuum re(--lon is 
studied too) in particular is increased markedly in tl'e latter 
type of arc. This is the 2536.5 A line of mercury. This 
line has as its lower level tlie basic state of the mercury 
atom and is therefore absorbed by atomic mercury vapor. In 
the high pressure arc it is absorbed (or self-reversed) by 
the xinexcited, cool mercury vapor near the walls of the arc. 
Several investl^'ators of uainan spectra have employed this 
line to excite the Raman spectra and then kept it from fogging 
the plate by placing a basin of mercury inside the spectro­
graph (cf. I, pp. 25-28, II, p. 77). This practice necessi­
tates t}e use of only one spectrograph in the event the other 
mercury lines are not too strong. 
Before usin., this line, however, it was necetjsary to 
know that the sugars did not absorb light of wave length liuch 
greater than-^2300 A®, if their Raman spectra were to be ob­
tained by 2537 excitation. The absorption spectra of a num­
ber of sugars have been obtained, and the data are to be 
found in the "Annual Tables of Constants and Numerical Data". 
The aldo-hexoses (if pure) meet the requirement above, as 
At first glance It would seem necessary only that the 
absorption should not be of wave length greater than, say, 
2500 A. however, even though the majority of molecules do 
not absorb light of wave length greater than 2300 A, some of 
the thenrially or optically excited ones may occupy vibrational 
levels high enough to absorb light of longer wave length. 
This latter la possible because not as much energy is re­
quired to place them in an excited electronic state. 
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does sucrose, but some doubt still exists in the case of 
7 d-fructoae . 
The light source chosen was one of the familiar low-
pressure mercury-argon lamps, made by the Hanovia Chemical 
and Manufacturing Co. of Newark, New Jersey. This lamp con­
sisted of a helix of fused-quartz tubing (seven turns, five 
inches long, and two inches in Internal diameter). It oper­
ated on 4400 volts and 0.1 ampere, and the makers claimed it 
produced nearly eighty per cent monochromatic 2537 radiation. 
In use, the entire helix was surrounded by a cylinder of 
polished aluminvun. The characteristics of such a lamp have 
been described by Farkas and ?Jelvllle (V). 
B. Filter Solution 
The direct light from this arc decomposed all sugars, 
and thus it was necessary to remove all light below 2300 A. 
This was accomplished by the continuous circulation of a 
medium consisting of a saturated (30*^ 0), aqueous solution of 
succinic acid through the annular space of a fused-quartz 
jacket interposed between the arc and the Raman tube. The 
thickness of the filter solution was four mm, and it was cir­
culated by means of a stainless steel, midget centrifugal 
pump obtained from the Eastern Mfg. Co. of New Haven, Conn. 
Several other solutions were tried but were not satisfactory, 
sodium succinate was found to yield a considerable 
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amount of (f.as upon photolysis, and since these bubbles did 
not leave the cell immediately they left only a thin layer of 
absorbing solution to protect the portion of the anmple lying 
next to tlie region occupied by the bubbles. The suocinlc 
acid proved very satisfactory. The quantitative absorption 
Q 
data have been published by Ley and Arends . 
C. Containers for Samples 
1. The suRar powders 
The sugar powders were contained In a quartz tube six mm 
in internal tUameter. This tube had a quartz window fused 
onto one end and to this window in turn was fastened, by 
means of Duco cement, a brass collln;ator four inches long 
containing.: two washers, each with a four mm aperture. One 
washer was next to the window and the other, two inches from 
there. Using a "cylinder" of li&ht seems rather inefficient, 
but, if the washer in the middle of the collimator had an 
aperture {greater than the one next to the window, it was 
fovind, of course, that the resulting "cone" of li£i;ht was 
brighter but that more primary light got into the spectrograph. 
In the case of the very finest powders, it was thought 
best to moisten them with some liquid to cut ciown the air-
augar reflection losses. The choice of the liquid is rather 
restricted. First, it must not absorb (nor be destroyed by) 
the ultra-violet light used; second, it must not dissolve the 
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sugar wiiich it moistens to any great extent; and, third, it 
must be a molecule with a small nvunber of atoms in order that 
the vibrational spectrum of the liquid will not make the re­
sulting, spectrogram too complex. Carbon disulfide and carbon 
tetrachloride are both decomposed by ultra-violet lli;ht, and 
there are relatively few other simple molecules that are 
liquids at i-oom temperature. The alcohols are rather poor 
scatterers (a desirable feature for the moistening liquid), 
are stable to the ultra-violet li^^ht used, and do not dis­
solve the su^;ars to a great extent. The lowest member of the 
series, methyl alcohol, was used and found to be satisfactory. 
The exposure times were considerably shortened by this pro­
cess, and no Raman lines of methyl alcohol appeared on plates 
taken in this manner except 2836 cm"^. 
The length of the sample was not greater than five mm 
because, from this distance, very little lipht penetrated as 
far as the window. The amount of material required was thus 
very small (^. 0.5 cc). 
2. The s\ip;ar solutions 
The solutions (filtered throui.h sintered glass to render 
them optically void®) were contained in a fused-quartz Wood's 
tube (capacity 23 cc) with an optically plane window fused 
a 
It is necessary to get rid of the tiny dust particles, 
or motes, in the liquid since they scatter a great preponder­
ance of the incident light. A liquid free from this defect 
is said to be "optically void". 
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onto the front end. This tube had an Internal diameter of 
13 mm, and the straight portion of it was five inches long. 
The horn, a portion of the rear wall, and a portion of the 
front wall were painted with flat black paint so that an ef­
fective length of three inches was left for irradiation. 
This tube was provided with a collimator containing two 
washers and was uaed in conjvinction with the filter jacket 
mentioned previously. The Wood's tube and filter jacket were 
made by the American Instriament Go. The discharge tube, 
filter Jacket, Wood's tube, and powder tube are shown in 
Figure 7. 
D. Removal of Ozone 
The quartz arc transmitted the 1850 line of mercury with 
considerable intensity, and this generated a considerable 
amount of ozone. This ozone had to be removed since it ab­
sorbed a considerable portion of the ultra-violet light, in­
cluding the 2537 line and the resulting Raman lines. This 
waa done by housing the entire assembly (the pump excepted) 
in a box, to which was attached a four-inch pipe leading to 
an exhaust fan In an adjoining room. A small door in the 
side of the box waa left open aeveral Inches, and a atrong 
draft of freah air carried the ozone out of the box as fast 
as it waa formed. No trouble was experienced with ozone save 
In exceptionally cold weather, when a strong downdraft of 
cold air in the flue (the apparatus was in a basement room) 
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wo: Id prevent some of the ozone from leaving. The collimator 
tube projected throufjh this box, anf3 this ensured that no 
direct ll;:ht from the arc rot into the spectrograph. 
E. Mercury-Vapor Absorption Cell 
In the case of the powders, it was possible to have only 
a very short dead optical apace in the front end of the sample 
tube (using 90® scattering), because otherwise the scattered 
light could not work its way through tj c aon-illuminated 
powder to be photographed. Thus the powder very close to the 
window was strongly illuminated, and this (combined with the 
strong reflecting power of tiny crystals) caused the amount 
of primary light getting into the spectrograph to be rather 
large. The continua on each side of the exciting line and 
the other mercury lines were, therefore, more intense than 
they were in the pictures taken v.ith the solutions as the 
scattering media# 
The usual practice of havint: mercury vapor inside the 
spectrograph did not permit the exciting line to be absorbed 
to a great enough extent, and therefore a mercury-vapor ab­
sorption cell was employed. This cell was equipped with two 
polished quartz windows two mm thick and one Inch in diameter, 
and provided a ten cm absorbing colvunn of mercury vapor. The 
end sections (caps to hold the windows on the barrel) ex­
tended two inches past the window, and both they and the body 
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of the oell were wrapped with asbestos and resistance wire 
(95 feet, 5.2il/ft.). Vv'ith a drop of mercury in the cell and 
operating; on 110 v {c&. 150° C), the 2537 line was absorbed 
completely. 
F. Spectrograph 
The spectrograph used was a Bauach and Lomb medium 
quartz type. In the region where the Raman spectra lay the 
average dispersion was ca. 120 A single, double-
convex, quartz lens (focal length 15 cm) was used to project 
an imago of the scattered li^ht onto the slit. The distance 
from the sample to the slit was chosen so that the collimator 
lens was just filled with light when the line-up was com­
pleted. The room housing: the spectrograph was thermostated 
to within 1® C. 
G. Measurement of Plates 
The plates used were Eastman types I-O and 103-0 on thin 
glass and were backed. These plates were fast, grainy, and 
had low contrast. These last two factors rendered the meas­
urement of the lines by means of the comparator very diffi­
cult, since the lines were often indistlnf^nishable from the 
background under high mar^nification. Usinf^ a low-power eye­
piece on the comparator did not help matters much either. 
For this reason it was found to be bettor. In the case of the 
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crystal plates, to enlarge them about sevenfold on high-
contrast paper and to measure the wave lenfitlis of the lines 
on the enlargements. The best paper to use was fovincl to bo 
Agfa "Brovlra", glossy, single-welf:ht, extra-hard. Later, 
because of the war, this was no longer obtainable and so 
Eastman "P. M. C« Bromide", No. 1, contrast, was used. 
Using a good metal straight-edge, a line was scribed 
down the center of the spectrum, and then fine holes were 
punched at the intersections of this line and the centers or 
edges (In the case of bands) of the lines (or bands) by means 
of a fine tunpsten needle. It was much easier to locate the 
centers of the lines accurately by using a watch-maker's eye 
glass (2.5 inch focal length - 4X) in conjunction with a 
Vnollaston double-image prism. The prism was held between the 
magnifier and the eye and was oriented in such a way that the 
doubling of each grain on the enlargement occurred parallel 
to the length of the spectral line. After having pricked the 
lines (includinr. the mercury lines), the enlargement was 
clamped onto the comparator in such a way that the pinhole 
throu-h the mercury line A 2534.77 A was on the cross hairs 
of the eyepiece and the reading on the comparator increased 
with A • The distances from this pin prick to all the others 
were then found. 
By using the Hartmann wave-length interpolation formula^. 




" ''o 0+37^' 
the  wave lengths  of  the  l inos  were  found In  the  fo l lowing 
manner!  taking three  :nercury  l inos  (one  of  thorn  2534.77)  of  
Icnown wave lengths  Ag,  and A^)  and Imown d is tances  
(dj^  =  0 ,  d2> and d^)  f rom the  "anchor  l ine" ,  I lgA2534.77 A,  
the  three  constants  (A^* £> and of  the  fo i 'nula  wore  found 
A o  =  ^ 1  -
^3 " *^2 
•^2 ^^3 
As ~ -^1 ^3 " ^ 1 
1 . ^3 " ^2 
^2 " '^l A3 " , 
^2> 
^3— 
A2 " Ai A3 " Ai 
the formula was then used to calculate the wave lengths of 
the rest of the mercury lines to check the formula; a graph 
of the errors (If any) In the wave lengths of the mercury 
lines was tlen used to give the correct wave lengths of the 
Raman lines after they were calculated by means of the formula 
the A values (A In air) were converted toT^Ccm"^ In vacuo), 
and the displacements (A'^^cm"^) from the exciting line. Kg 
39,412.4 cm"^, were then found. The error of measurement was 
ca. ^  cm"^. 
The Haman spectra of the solutions consisted of bands. 
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which were frequently envelopes of a number of lines, often 
diffuse and 111-deflned. It was found better to make mlcro-
photometrlc tracings of the plates with a tenfold enlargement, 
to measure the band edges, shoulders, and riiaxima on the curves, 
and to determine their wave lengths by ineans of the Hartmann 
fommla. Checks of the solution measurements were made on 
enlargements to be sure that no false information (because of 
scratches or flaws on the plates) would be conveyed by the 
curves. 
H. Materials 
The sugars used were: 
Anhydrous -^-glucose ("Cerelose" from the Corn Products 
.2°C 
Co., New York), = 110.4 initial rotation (Lit. 111.5); 
s 52.2 final rotation (Lit. 52.7). 
oC-^-Glucose monohydrate (prepared according to Hudson 
and Yanovsky®), = 100.G initial rotation (Lit. 101.4); 
^^30OC - ^ 7^5 ^ jLnal rotation (Lit. 47.9). 
Anhydrous^-^-glucose (two samples), one (from The 
Pfanstlehl Chemical Co.), ^ " 10.5 initial rotation 
(Lit. 18.4); - 52.5 final rotation, and another 
(prepared according to Hudson and Dale^^, ^ - 18.5 ini­
tial rotation; ^ • 51.8 final rotation. 
Anhydrous^-^-mannose (recrystalllzed from strong acetic 
acid at ca. 10®C), - -15.8 initial rotation (Lit. 
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-16.7); = 14.3 final rotation (Lit. 14.2). 
SucrosQ (Oonerul Chemical Co., reapent crade) was used 
directly from the bottle, « 66.5 (Lit. 66.5). 
The specific rotation values designated by "Lit." (lit­
erature) for the sugars (sucrose excepted) were taken from 
the paper by labell and Piginan^^, Unfortunately, their fig­
ures do not agree exactly with those of other investigators, 
and the discrepancies are of the same magnitude as those 
between the author's values and those of Isbell and Pif^an. 
Therefore, all we can say about the purity of the oC. and p 
sugars used is that any impurities or other forms present must 
be there in such small amounts that their Kaman spectra would 
not be observed. The solution pictures were made with 
d-glucose purified by the method of Hudson and Dale^® usinf, 
"Cerelose" as starting material. In the clarification both 
"Norit" and sulfur dioxide were used prior to the concentra­
tion and subsequent crystallization. A solution of "Cerelose" 
was usable but was slightly yellow ori^-inally and was a very 
bright yellov/ after a 24-hour exposure. Also, the impurities 
which could be removed by clarification and recrystallization 
increased the exposure time and gave rise to fluorescence 
thus tending to hide the fainter Raman lines. 
The Initial rotations were obtained in the following-
manner: the finely powdered sugar (usually about one gram) 
was placed In a 50-ml flask calibrated at 0®C, and then the 
bulb of the flask (and part of the neck) was immersed in ice; 
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the water-Jacketed, two-dcm. polarlmeter tube meanwhile was 
brouijht nearly to 0°C by allowing ice water to flow by gravity 
through the jacket; at the surae time the zero reading of the 
instrument was made on the empty tube; then water at 0°C was 
quickly poured Into the flask up to the mark, the stop watch 
was started, and the flask was stoppered and shaken very 
vigorously; as soon as the sugar was dissolved, the tube was 
filled with the solution, and the angular rotations were read 
over G period of about one-half hour, all the time keeping 
the Ice water flowinr'; through the Jacket. The time consumed 
before the first reading was obtained varied from a little 
over a minute up to as high as four minutes depending on how 
finely the sugar had been powdered, on its solubility, and on 
the quantity. For all of these, sugars, the muta-rotatlon la 
a first order reaction, and bj plottin- the degrees vs. time 
a straii^ht line resulted from which the initial angular rota­
tion was obtained by extrapolation to zero time. The specific 
rotation was tl.en calculated. The polarlmeter used was a 
Schmidt and Ilaensch triple shadow type (catalogue number 6314) 
with a hot cathode sodium arc as a llcht source. 
I. Resxm^ of Plates Measured 
Comes now a r^umcTof the plates measured* After the 
number of the plate, the words "dry" or "moist" indicate 
whether the powder was photographed dry or moistened with 
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absolute methil alcohol. Next v.-ill bo t^lven the silt width 
on the spectrograph and finally the exposure time in hours. 
Anhydrous ci^-d-glucose (all I-O plates); (1) dry, 0.025 
mm, 35 hrs. (2) dry, 0.02, 25 (3) moist, 0.02, 15 (4) 
moist, 0.02, 25. 
Anliydrous ^ -d-glucose (all 1-0 plates); (1) moist, 0.02, 
24 (2) dry, 0.02, 60 (3) dry, 0.04, 72 (4) moist, 0.03, 40 
(5) dry, 0.03, 42 (6) dry, 0.03, 72. 
Saturated oquilibriuin £-tlucose (ca. 5 moles fi20/mole 
glucose); (1) I-O, 0.025, 25 (2) 103-0, 0.04, 75 (lines also 
conflined on two other plates not measured). 
lilute equilibrium d-filucose (£a. 15 moles H20/mole glu­
cose); (1) 103-0, 0.03, 85. 
Dilute equilibrium d-glucoae (ca. 50 moles H20/mole glu­
cose); (1) 103-0, 0.03, 47 (lines confirmed on other plates 
not measured). 
The results are summarised in Table I. The strong lines 
were observed and measured on all plates mentioned. In the 
fir? t three columns the weaker lines were observed and 
measured on at least two plates unless marked by an asterisk 
(*) in the table. 
Anhydrous y3-d-mannose (all I-O plates); (1) moiot, 0.03, 
24 (2) moist, 0.03, 26 (3) dry, 0.03, 47 (4) dry, 0.04, 
20.5 (5) dry, 0.02, 26.5. 
Crystalline sucrose; (1) I-O, dry, 0.02, 46.5 (2) 103-0, 
dry, 0.03, 24. 
- 27 
The results are to be found 
marked with an asterisk {^) were 
In Tables II and III. Lines 
observed on only one plate. 
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V. FiESULTS 
In the following three tables are given the vibrational 
frequencies (in om~^) of anhydrous £p<-d-(jlucose, anhydrous 
^-d-glucose, equilibrium d-clucose in solution, anhydrous 
/^-^-mannose, and crystalline sucrose as obtained from Raman 
spectra. The data of previous Investigators have been in­
cluded for the sake of comparison. At the end of each table 
will be found explanations for the various symbols and abbre­
viations used. In all plates except those of the solutions, 
the C-H region (At^~2900) contained the moat intense lines 
in the spectra, and the outstanding lines in this region have 
been given an arbitrary Intensity rating of 20, the inten­
sities of the other lines then being estimated accordingly. 
In the solution pictures, the 2900 cm"^ band was given an 
arbitraiTT Intensity rating of 20 at all concentrations 
studied even though the water band at 3400 was more intense. 
The brackets Indicate that frequenciea enclosed therein con­
sist of bands in which case the edges, maxima, and shoulders 
are given. The band edges of course are not particularly 
significant inasmuch as they vary with exposure time. 
t 
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TABLE I 
The Raman Spectra ot cK" 
and of d~Gluooae 
and i^-^-Glucoae 
In Water 
: 5 moles 
: HgO: 









142 (D® 137 96 121 90 
168 (1) 163 (D* 1. 171 (1) 187 (1) i. 172 
224 (1) 247 252 255 
288 255 
i. 302 (0) 1. 290 
316 325 
322 327 336 
1. 345 (1) m. 349 (1) i. 349 
363 (0) 368 359 363 
371 
395 (4) 386 m. 385 (1) ! 389 
405 (4) 404 (3) ah. 410 
(7)** 
m. 407 m. 404 
425 (0) ni* 423 m. 423 (8)** m. 421 
441 {!)* m. 445 (6) m. 440 (6) m. 447 
462 (0) 467 469 m* ?464 
471 
483 483 486 
ah. 502 m. 498 (5) m. 497 
523 (3) m. 518 (6) m. 518 (8) m* 520 
542 (8) ah. 540 (1) m. 542 (6) m. 541 
m. 550 (0) 
559 567 (0) m. 562 (0) tn. 562 (0) m. 
m. 573 
580 (0) m. 584 (0) m. 588 (0) m. 586 
589 597 609 
628 628 
i. 640 (0) m» 636 (2) 
652 658 
? 694 (0) 687 
702 705 1. 707 
m. 715 (2) m* 720 (0) 
727 730 739 
760 744 750 
774 (2) m. 775 (2) m. 768 (1) 1. 773 
794 795 796 
798 795 
m. 804 (1) 






Raman Spectra of and ^ -d-Glucose 
and of d-Gluoose in Water 
: 5 molea : PrevlouB 
: fieO: : Investigators 
: mole : 15: I : 50:1 (Solutions 
: fulucoae : only) 
1)^ 96 121 90 
1)* i. 171 (1) 187 (1) 1. 172 (1) 
247 252 255 
288 255 
i. 302 (0) 1. 290 (0) 
316 325 
322 327 336 
i. 345 (1) a. 349 (1) i. 349 
366 359 363 
371 
386 m. 365 (1) 1 389 
3) 8b. 410 m. 407 (6) m. 404 (3) 
0) m. 423 (7)** m. 423 (8)** m. 421 (6)** 423(R) 
m. 445 (6) m. 448 (6) m. 447 (4) 435±25{Vi),454(K) 
0) 467 469 n«?464 (3) 
471 
463 463 466 
(4) ah* 502 ra. 496 (5) m. 497 
3) m. 516 (6) m. 518 (6) &20 (5) 519i:ll(W),513(K) 
sh» 540 (1) n. 542 (6) m. 541 (4) 5495(R) 
m. 550 (0) 
(0) 0)  m. 562 (0) m. 562 (0) . 559 
m. 573 (2) 
m. 584 (0) m. 588 (0) 566 (0) 
569 597 609 
626 628 
624i(R) i. 640 (0) m. 636 (2) 
652 658 
? 694 (0) 687 
(0) 702 705 i. 707 
m. 715 (2) m. 720 (0) 
730 739 727 
760 744 750 
(2) m. 775 (2) m. 766 (1) 1. 773 
794 795 796 
796 795 
m. 804 (1) 




















825 (0) 829 829 835 
842 (8) m. 845 (4) m. 850 
m. 858 (4) m. 856 (3) 
370 (0) sh. 870 m. 868 
872 878 875 
879 878 893 
887 (0) 901 (3) sh. 894 m. 899 (5) m. 905 
913 (6) 914 (0) m. 911 (5) m. 914 (5) m. 916 
941 (0) sh. 930 (3) sh. 937 937 
951 951 
970 
m. 986 (2) 982 
999 m. 998 
1016 m.l016 (6) 
1020 (1) 1025 (1) m. (5) 
(D* 
1029 
1038 sh. 1038 (6) in. 1033 (7) 
1057 (5) 1051 (3) m. 1066 (8) m.l063 (10) m.l069 
1072 (6) sh. 1080 (7) sh.l076 Bh.l082 
1085 1089 1089 
1091 1089 1095 
1109 (5d) sh.llOl 
1116 (4) 
1122 (6) m. 1124 (11) m.ll26 (13) m.ll24 
1130 (4) 
1149 (4) 1151 (0) sh. 1152 (6) sh«1155 8h.ll58 
1179 1176 1184 
1187 1193 
1203 (1) 1209 (0) m. 1200 (2) 1.1206 (2) 
1219 
1219 1222 
1227 {!)* sh. 1230 (3) XQ. 1233 (4) m.1233 
sh. 1252 in.l247 
1273 (2) 1268 (2) m. 1265 (5) 01.1263 (6) 1 in.l269 














829 829 835 
m. 845 (4) m. 850 
m. 858 (4) in. 856 (3) 
ah. 870 m. 868 
872 878 875 
879 878 893 
ah • 894 m. 899 (5) m. 905 
m* 911 (5) m. 914 (5) m. 916 
sh* 930 (3) ah. 937 ' 937 
951 . 951 
970 
m* 986 (2) 982 
999 m. 998 
1016 a.1016 (6) 
m. (5) 
1029 
sh. 1038 (6) )r..l033 (7) 
m. 1066 (8) in.l063 (10) ni.l069 
ah. 1080 (7) 8h.l076 8h.l082 
1085 1089 1089 
1091 1089 1095 
sh.llOl 
m. 1124 (11) m.ll26 (13) m.ll24 
ah. 1152 (6) 8h.ll55 8h.ll58 
1179 1176 1184 
1187 1193 
m. 1200 (2) 1.1206 (2) 
1219 
1219 1222 
sh. 1230 (3) m.l233 (4) ui. 1233 
sh. 1252 m.l247 
m. 1265 (5) a.1263 (6) in.l269 


































• 5 moles }• • • 
HgO: 
mole 15:1 • • 50:1 
• 
• f^lucose • • 
? 1302 (0) 1312 (0) 1295 1292 
1336 (0) m.l331 (5) m.l337 
1345 (6) 1350 
1365 (2) 
1374 (1) 1577 m.l370 (10) m.l371 
br.dl417 (1) br .1407 (1) 8h.l411 (5) m.l413 
m.l430 (3) 1427 
1436 
1444 1444 





(HpO) 1.1646 (0) 1.1642 
1638 1701 
2057 2065 









1.2700 (1) 1.2710 
brJ2706 
2761 l.£lat B744 (7) 2750 
2835 mJ2781 
l.d.2856 (D*  
2879 ah.2801 2805 
2879(15) d .2876 (4)* 
2895(20) 28951(20) br*n.2896 (20) m.2902 
2916 (8) 29081(20) 
2929 (4) 
2946(19) 2947(15) br.m.2945 (16) in.2943 
2961(12) 2977(15) 5022 5015 
(8)  
(11) (6 )  
(8)  
(3) 
( 2 )  

































: 5 moles 
==?= 
• : Previous 
: %0; 
15:1 
: ; Invoatlgators 
: mole 9 • 50:1 : (Solutions 
: fflucoae • • : only) 
(0) 1295 1292 
(0) in.l331 (5) Jn.l337 
(2) 
in.l570 (10) m.l371 
(1) sh.l411 (5) m.l413 
m.l430 (3) 1427 
1436 
1444 1444 




1.1646 (0) 1.1642 
1638 1701 
2057 2065 


















(11) (6 )  
(8)  
(3 )  








































( 5 )  
(3) 
(3) 














oL ; : HgO; ; mole : 15:1 «> : 50:1 




3047 3015 3011 
13109 0. 3168 
b231 (20) br.3237 (20) br. 
13276 lU •« 1. 3271 
p349 c. m. 3374 




^Intensity estinatos onolosed In parentheses. 
•observed on only one plate. 
**Froin the relative intensities of HgAA2563.9 and 
2578,4 A we conclude thut tl^is maximum is not the mercury 
line 2563*9 A but is a Raman line. 
br., broad; c., center; d., diffuse; i., center 
interpolated; m., majcimuxa; sh., shoulder; ?, doubtful. 
(K), Kutsner^; (R), Rao^® (subscripts are his inten­











p;lucose : • 
3047 3015 3011 
3189 0. 3160 
3231 (20) br.3237 (20) br. 
B276 ID *• 1. 3271 
p349 C* m. 3374 







Lraatos onolosed in parentheses. 
ily one plate. 
blve intensities of IIgA)i2563*9 and 
) thut this maximum is not the mercury 
} a Raman line. 
center; d.« diffuse; 1., oenter 
ixlmuni; sb., shoulder; doubtful. 
J 1 ^  (R), Rao"'' (subscripts are his inton­




The Raman Spectrvim of/^'-d-Mannose 
Ai Int. Al) Int. Int. 
54* 0 846 1 1482 br. 6 
102* 1 64 12 1521 •7 0 
34 1 97 3 2859 20 
44* 1 919* 1 85 14 
68 1 38 5 98 14 
98* 1 49-^ 0 2942 18 
244 1 69* 1 52 20 
313 1 86 1 95 12 
28 2 1035 2 
99 1 48 2 5246 
404* 2 76 8 75 4 
49 6 89 13 99 
65 2 1109 10 
77 0 21 8 3345 
96 br. 10 68 1 75 3 
530* 1 81 1 3404 
41 1 97"^ 2 
59* 1 1210* 2 46 br. 8 
68* 0 20 0 68 br. 8 
77* 0 43 4 
89* 1 62 4 3516 
680 d. 0 81 2 32 2 
91 d. 2 97 2 59 
700 1 1323 4 
24* 1 57 3 
32 d. 1 75 6 
39 1 1405* 2 
74 2 16 2 
803* 1 37* 2 
22 1 64 3 






The Raman Spectrum of Crystalline t.ucrose 
Author Int. Lelbfrled^® hao^^ Author Int. Leibll'lcd^® Rao^^ 
26 741 4 
38 6 48 1 
49 349 a h .  1 6  8 i 5 5  846 
75 8 65 4 
** 74 4 
85 8 Gil 4 
115 •i 20 6 920 
39 0 44 5 50 
67 1 69 0 
200 1 90 2 992 
31 d. 5 1014 4 
58 2 41 10 1040 
03 4 49 4 
94 4 72 a. 3 
306 5 77 
16 4 86 6 1088 
42 1 95 
62 5 1105 4 
402 12 26 IS 
7 1 34 1 1135 
423 1145 
43 8 62 6 
72 0 72 5 75 
98 d. 4 1211 2 
525 8 39 9 
38 8 1250 
51 d. 8 549 61 3 
83 4 78 3 
649 1304 0 1300 
677 1 23 2 
701 1 48 a h .  8  
723 63 d. 6 




Author Int. Lelbfirf.ed^® Rco^® Autlior Int. Le:'bf Reo^^ 
1370 29£.9 15 
1S78 d. 6 71.5 15 
1418 d. 4 «7 16 
34 d. 4 Q3 IG 
47 d. 4 3014 15 
64 sh. 13 1470 1463 45 0 
75 4 oG 1 
2(3105)= G329E.B. 
2725 d. 5 3218 
2802 40 2 
19 1 79 
SO 2(3512)= 6623E.a 
97 10 33^5 br.d. 5 
2915 20 C,>%> br. cl. 6 
26. 5 17 2930 3427 br.d. 6 2(v.-LV2)= 6944 and 
43 20 3(3401) = 10204E.a 
3501 f.sh. 12 
? Doubtful 





f.sh., fairly sharp 
IV 
E.B., Ellis and Bath Infra-rod overtones. 
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In Figure 8 is given a composite of the Raman spectra of 
o^-^-gluoose,/5-^-glucose (both anhydrous), saturated aqueous 
;d-glucose, and two dilute solutions of d-glucose. A rough 
scale gives the frequencies of the lines and bands, and at 
the top the mercury lines are Indicated, in the solution 
pictures especially, it is to be noted how efficiently the 
exciting line has been removed. The picture of/^-^-glucose 
was made from two plates: the portion to the low-wave-length 
side of the 2650 group of mercury was made from a plate of 
moistened ^ -d-glucoae, while the portion to the high-wave-
length side was made from a plate of dry y^-d-glucose. This 
was done in order that the C-H lines would not be complicated 
by the Raman line of methyl alcohol,2836 cm"^. The fifth 
picture in Figure 8 is that of a very dilute solution (0.1 
molar) and was made from a plate (103-0) exposed for 60 hovirs 
with a slit width of 0.04 mm. It is rather surprising that 
the Raman spectriun of a large, poorly scattering molecule 
should be obtainable at such dilution. In this picture^ too, 
are seen the Raman bands of v/ater. These water bands are 
located^® at200, 320-1020, 1650, 2167, 3440, and'v4000 cm"^. 
All of them but the last may be seen in picture five. 
The Raman spectra of crystalline sucrose and anhydrous 
^-^-mannose appear in Figure 9. The spectrum of sucrose is 
very intense and full of lines In marked contrast to the re­
sults obtained by previous investigators (cf. Table III). 
Figtire 10 is a chart of the Raman spectra of the 
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crystalline sugar8--sucrose, iJ^-^-gluooae, ^ -d-glucoae, and 
^-^-mannoae—showing the vibrational frequencies and their 
eatimated intensities in scattering. The results foro^- and 
^-d-gluooae have been plotted butt to butt to enhance their 
comparison. The original of this chart had each mm equal to 
five cm"^, so the plot is accurate although it has been 
greatly reduced. 
In Figure 11 are to be found microphotonietric tracings 
of plates of the Raman spectrum of ^-glucose in solution. 
These curves were ori;,lnally about one foot long, and each 
was on a separate tracing. By the use of tracing cloth they 
were all superimposed on one sheet and then copied and re-
enlarged back to the present size. The first three curves 
are from plates taken of 5 moles PlgO/mole glucose, 15 moles 
HgO/inole glucose, and 50 raoloa HgO/mole glucose respectively. 
The C-H and 0-H regions were very strongly exposed by the 
time the lowerziVbands appeared and for this reason®" in curve 4 
is given a tracing of the high-wave-length part of a plate 
(5 moles H20/mole glucose) correctly exposed in the C-H and 
0-H regions but under-exposed in the low region. This fourth 
curve shows more nearly the correct situation In the C-H and 
0-H regions. 
®It l8 to be recalled that if the photographic emulsion 
Is exposed to light for too long a time, the density of the 
image ceases to increase. Although the Raman bands in the C-H 
and 0-H regions are more Intense than the background stirround-
Ing them, this background continues getting blacker and 
blacker after the density of the Raman bands has reached an 
upper limit. When this happens, the microphotometric tracing 
l8 flattened In this region and details are no longer apparent. 
- 38 
VI. DISCUSSION OF RESULTS 
A» Comparlaon of Data with Thoae of Previous Investigators 
As long as the frequency of the exciting, line is less 
than the lowest-lying electronic absorption frequency of the 
molecule whose Raman spectrum is desired, the Intensities of 
the beams scattered with unchanged or changed frequencies are 
proportional toor icspectively ( ^  is the fre­
quency of the exciting line and is the vibrational fre-
quencjf) (IV, p. 226). Thus It la seen that it is advanta­
geous to use a line with as high a frequency as possible for 
the excitin.' line. By employinjj 2537 excitation, therefore, 
it has been possible to record Intense spectrograms of some 
sugar powders and solutions where heretofore only weak ones 
were obtained by means of visible excitation. 
The impurities usually accompanying the sugars, and 
possibly tlie sugars too, fluoresce. This fluorescent light 
lies in the visible and near ultra-violet regions and masks 
the Raman lines if visible excitation is used. With ultra­
violet excitation, however, either theoe Impurities are 
destroyed by the light or else the fluorescence lies to 
longer wave length than that of the region occupied by the 
Raman lines and is not particularly troublesome. While it is 
true that the pictures taken in this investigation showed 
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background, nevertheless, it was not Intense enough to blot 
out the Raman lines. 
With one exception, all previous investigators used vis­
ible excitation (Hg A A 4047 or 4358, or both), and nearly all 
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of them were bothered by fluorescence. Whiting and Martin 
examined a dextrose solution of 500 g per liter. They found 
no Raman lines, only an undiminished continuum. Kutzner^^ 
obtained three lines of very low intensity from a solution of 
^-glucose supersaturated at 20®C. Wiemann^^ investigated a 
number of sugars in solution. He decolorized thirty per cent 
solutions with charcoal and filtered them throujch sintered 
glass* Wiemann foimd eleven bands in ^ -glucose solution and 
reported that very little continuum was present in his pic­
tures. Rao^® reported twelve lines for d-glucose solution, 
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two of them broad. Rao (loc. cit.) and Leibfried have also 
investigated crystalline sucrose. The former reported nine 
lines and the latter, eight for this sugar in the crystalline 
state* Leibfried used large single crystals of sucrose and 
excited the Raman spectra by means of the 2537 line. He 
states: 
Unter der Einwirkung der Strahlung der Hg lampe 
bildete sich nach einiger Zeit auf den,Kristallen 
eln firs ultra-violet undurchlassiger Uberzug 
ao dass w&hrend elner Aufnahme mehrfach die 
Kristalle ausgewechselt werden mussten®. 
a — 
^fter a time, under the influence of the radiation 
from the mercury arc, an intense coating, opaque to ultra­
violet light, formed on the crystals. Thus, during an expo­
sure, it was necessary to change the crystals several times^ 
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By reaortlnp, to the use of a filter he undoubtedly could have 
observed many more lines. 
The only extensive work on the sugars in the infra-red 
region has been done by Rogers and V.illlaras^^. They used 
saturated solutions of the sugars 0.02 ram thick, investigated 
the ro^lon from 2-12^ , and reported seven bands for d-glucose. 
However, they were unable to resolve any details in the C-H 
and 0-H regions {Zju ) because of the low resolution of the 
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rock-aalt prism used. Ellis and Bath investigated the 
infra-red absorption spectrum of crystalline sucrose in the 
region 0.8-2.^ . This region contains the first and second 
overtones of the 0-H vibration. In Table III theiry^ values 
have been converted to cm"^ and then divided by two (or three) 
to get the values given, an infra-red absorption band 
observed by them at 1.4^ S 6944 cm"^ would be the second 
overtone of the 3472 cra"^ fundamental. 
The Raman spectra of o( - and y<3-d-glucose and ofys^-d-mannose 
have been studied for the first time by the author. As far 
as quality is concerned, the author has tried to obtain good 
data on a small number of sugars rather than to amass a large 
quantity of mediocre data on a large number of sugars. 
B. The Vibrational Frequencies to Be Expected 
For a given molecule containing n atoms, 3n coordinates 
will be required to specify the positions of the atoms at a 
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given instant. The number of coordinates in turn is equal to 
the number of degrees of freedom of the system. For non­
linear molecules there will be six degrees of freedom not in­
volving Intra-rnolecular forces. These are bhe translation of 
the molecule as a unit along the three rectangular coordinate 
axes and the rotation of the molecule as a whole around these 
three axes. There remain (3n - 6) degrees of freedom, and 
these correspond to the fundamental modes of vibration of the 
molecule. For linear molecules there will be (3n - 5) funda­
mental modes. 
A vast quantity cf data has beon obtained on these 
vibrational frequencies by the use of, in particular. Infra­
red absorption spectra and Raman spectra. These lnvestl£:a-
tlons have shown that molecules actually differing from one 
another but containing like linkages exliiblt like frequencies 
to a certain extent. The vibrational frequencies have been 
classified as valence vibrations (or stretcJiing vibrations) 
and deformation vibrations (or bending vibrations). The 
former class has Its members denoted by while the latter 
class contains two types accordinj; as the bonding of the bond 
la planar ( 8 type) or non-planar ( / type). In addition, if 
the molecule has some obvious element of syirmietry (say an 
axis of symmetry), the vibrations are also des?.fnated as 
synanetrical {£) or anti-symmetrical (a) to this element. 
Also if an axis of synmietry is present, and If during the 
vibration the motion occurs parallel or perpendicular to this 
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axis, then the vibration ia further denoted by the letters ir 
or <r respectively (VI, pp. 319-400). In the event that the 
molecule ia too complicated for the above naming- of the 
vibrational modes, they are merely numbered etc., or 
a)i, u)n, etc. 
The sugars contain C-II bonds, 0-H bonds, u:iit.s, 
-CI^GH units (in the hexoses, heptoses, etc.), and probably 
five- or six-raembered heterocyclic rings. In compovinds of 
the type R.CHg, the C-H valence vibrations occupy the region 
from 2800-3000 cm"^. The CH2 deformation frequencies lie 
near 1450 cm~^ ( 5 type). The 0-H stretching frequencies for 
the compounds of the type R-OH occur at 3600-3750 cm"^ in the 
gaseous phase and decrease to around 3200-3400 cm^In the con­
densed phases (solid or liquid). The G-(OB) stretching vibra­
tion lies at 1030 cm'^ in methyl alcohol and decreases to 
825 cm"^ by the time butyl alcohol is reached in the series 
R-OH*. The region occupied by the ring frequencies will be 
discussed later. 
The decrease of the 0-H frequency in passing from the 
gaseous state to a condensed phase has been attributed to the 
formation of hydrogen bonds in which a single hydrogen atom 
forms a bridge between two oxygen atoms^. If there are free 
^These values have been taken from Kohlrausch (II), 
Hibben (VII), and Bhagavantam (VIII). 
very good discussion and ntamerous references have been 
given by Pauling (IX). 
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O-II grouijs in the sut,ara, then relatively hijih frequenclos 
should ocour, while if inter-molecular or intra-inolecular 
hydrogen bonds are formed, the O-Il frequencies will be 
lowered and possibly broadened* 
In the event a molecule possesses an element (or ele­
ments) of symmetry, some of the (5n - 6) fundamental modes of 
vibration may be unobservable, i..©«, forbidden, in infra-red 
absorption or in scattering. However, In those molecules 
with no elements of symmetry whatsoever, the sugars, 
all the fundamental modes are observable in the above two 
domains (II, p. 43). This latter statement is accurately 
true only for the gaseous state, and it is necessary to see 
what qualifications, if any, must be made when discussing 
the crystalline sugars. 
Several discussions of the infra-red and Raman spectra 
obtainable from crystals have been given by Teller (VI, pp. 
20 21 161-188), Bhagavantam and Venkatarayudu , and Saksena . 
The only vibrations that can be optically active in crystals 
are those in which all the elementary cells vibrate in phase, 
j^.e., all equivalent points of the lattice have the same 
motion at a given instant. There will be (in the optical 
class) inter-molecular and intra-molecular vibrations. Those 
in the latter class will be essentially the same as those 
observed in the liquid and gaseous phases with (possibly) 3ome 
modifications. In general the frequency alterations for non-
polar molecules in passing from the free molecules (gaseous 
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phase) to the condensed phases are small, whereas for polar 
molecules they are large. In the latter class there Is a 
greater change in going from a gaa to a liquid than from a 
liquid to a solid. In the solid phase the orientation of the 
molecules is definite and some elements of symmetry are pres­
ent that are not present in the liquid nr gaseous phase. In 
addition there are present in a unit cell, like molecules 
with a slightly different environment. These are the factors 
that change the frequencies. 
In Table IV are given some examples of molecules possess­
ing like frequencies in all three phases. The data for CO2 
and CSg are from Kohlrausch (II, p. 119), while those for 
NaNOg are from Nedugadi^^. 
TABLE IV 
Substance 1 Gas : Liquid t Solid 
CO2 
1285 1286 1286 
1388 1588 1388 
CSg 
665 656 653 
796 796 ? 
77 (290OC) 98 (25°C) 
713 (2E0°(:) 
156 185 
NaNO, 717 720 
1052 1061 1065 
1298-1456 1373-1392 1385 
In the case of NaNOg, the two low frequencies not present in 
the molten salt are attributed to inter-molecular or lattice 
vibrations. When the crystals are melted, these low-frequency 
lines fade out and a fuzzy band forms as a shoulder on the 
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Raylelgh line (line of unmodified wave length). 
In recapitulation, then, we would expect that the Rawan 
frequenolea of the sugars in the solid state will be truly 
representative vibrational frequencies; that low-valued 
crystal-lattice frequencies will appear; and that the 0-H 
stretching frequencies will be lowered and broadened because 
of hydrogen bonding, unless some free 0-H groups also occur 
in which case both perturbed and unperturbed 0-H frequencies 
will be found. 
In Figure 12 are reproduced typical vibrational modes 
for a aix-raembered ring and for a CH2 group. 
Figure 13 shows the Raman spectra of some ring compovmds 
obtained by various investigators®. Molecules marked with a 
star (*) have had their polarization spectra taken, and the 
lines with horizontal cross bars are depolarized^. In Figure 
13,^^ and ^ bear no relationship to the't^'s in Figure 12* 
^ J o 
And then in Figure 14 are given the spectra to be ex­
pected from certain aix-membered rin£;s and also an analysis 
of the observed vibrational frequencies of those molecules 
listed in the lower portion of the figure. The vertical 
dashed lines in the upper part of Figure 14 are inactive in 
Raman effect, and the horizontally crossed lines have the 
same significance as in Figure 13. The symbols Sg^ s Dg^, 
®cf. {II p. 156) 
^of. (IV pp. 239-244), (II pp. 27-28) 
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Cg, £2^* ^5v Sohoenfllesa shorthand notation® 
telling the synmeti'y elements possessed by the molecules In 
question. 
The frequency in which we are most interested la the 
broathinc frequency of the ring. This frequency occurs in 
the region 800-840 cm"^ for the slx-membered rings (-^^-trioxy-
methylene excepted) given. This lino is very strong and, 
since it is very hli;;hly polarized, should be very sharp too. 
The presence of a line of the above description will be good 
evidence of the presence of a pyranose ring in the sugars. 
C. The Frequencies of a( - and y^-d-Glucose 
In the crystalline state there is only a fair one-to-one 
correspondence among the vibrational frequencies ofo<- and 
y5-^-p:lucose below 1500 cm"^. One notable discrepancy is the 
absence of a strong frequency in the /^-d-glucose near the 
rather Intense, sharp 842 cm"^ line of the << form. As has 
been stated above, a strong frequency exists in this region 
for a whole series of slx-membered cyclic compounds and cor­
responds to the breathing frequency of the ring. Nevertheless 
It is probably not yet time to conjecture about the absence 
of this breathing frequency in ^ -^-glucose imtil more intense 
spectrograms have been taken. This will be difficult for the 
^ form, inasmuch as It is particularly difficult to grow 
®of. (II pp. 35-53), (IV pp. 278-283). 
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large crystals of this modification. About the only way 
really to settle the question La to use alni-'le crystals and 
find the polarization characteristics of the lines. 
The most striking difference between the two crystalline 
forms Is exljiblted in the 2900 cm"^ region where the form of 
the augar may be recognized by a t^lance at the spectra. The 
0-H stretching vibration region ia nearly vacant for both 
forma with only one line in the c( and one band in tho ^  . 
There is some evidence in the case of the «< for a band in this 
ref^ion with a frequency all-htly lower than the 0-R frequency 
measured. 
So far, the only plates obtained of <^-d-glucose mono-
hydrate have been of low intensity, and by comparing enlarge­
ments of them with those of the aiahyf'rous o^form no differ­
ences could be detected. This should not be the case, 
however, and the inatter will undergo further exam'nation. 
D. Glucose Solutions 
When the sugars are dissolved in water, allowed to come 
to equllibriim, and the Raman spectra of the solutions ob­
tained, the frequencies are no longer sharp but are broadened 
considerably. Below 1500 cm"^ there are 15 solution bands 
having no coimterpart in the << or ^  forms. There are no o( 
lines which are not covered by a solution band and only two ^  
lines (AV 025 and 1507 cra"^). However, there are four c< 
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lines (A7^363, 807, 1057, and 1345) lying more than 5 cm"^ 
from band maxima or shoulders In all three conoentrations and 
five p lines 1051, 1118, 1312, 1363, and 1452) in this 
category. 
Unfortunately, the mlcrophotometer available was not 
entirely satisfactory in that there was a certain amount of 
random drift In the Intensity deflection. I'tliile this could 
be kept at a minimum in closely adjacent regions, absolute 
intensities or true shapes of lines were not to be depended 
on except as estimates. 
Within the accuracy of the tracings, which is estimated 
to be of the order of magnitude of 5 cm"^, there are no 
systematic changes with dilution except for the frequency 
894 899 905 cm"^. This statement is applicable to 
glucose solutions for the three concentrations measured. 
However, this does not infer that there are changes at greater 
dilution. 
As yet there is no Justification In drawing any conclu­
sions from the curves as to the percentages of o(. and (or 
other) forms present in solution. A careful study of how the 
frequencies and intensities of the lines shift in going from 
the anhydrous crystalline forms to the various crystalline 
hydrates (if they exist) should indicate how the frequencies 
are affected as the sugar-sugar association is replaced by 
the sugar-water association. More information should also 
be obtained by studying the changes in the shapes and 
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positions of the line envelopes In the equilibrium aufiur so­
lutions as the concentration ohungea from a saturated solu­
tion (where considerable sui^ar-su^^ar association inust still 
exist) to a very dilute solution (wliere only sugar-water 
association could be present). From the above work it can be 
seen that these shifts must be sinall, about the order of 
magnitude of the errors of neasuroi.ient. 
The question as to whether the difference in the sugar-
sugar, sugar-water association can cause enou<:h changes in 
the frequencies and intensities to pennit the solution bands 
to be completely accounted for by tl-e c( and ji forma will have 
to wait until nioro sugars anJ their hydrates have been photo­
graphed and precise microphotoraeter tracings of their 
solutions obtained. 
E. ->£-Mannos e 
In ^ -d-mannose a strong frequency exists at 864 cm"^ 
which is to be expected if there is a pyranose ring. The low-
valued y type ring frequencies at 449 and 496 cm"^ are in the 
same region as those in the ^ -glucoses but there is no numeri­
cal correspondence* The most notable factor is the presence 
of more structvire in the 0-H region. 
Unforttinately, there was a good deal of background on 
the plates taken of this sugar, and this necessitated the 
measurement of a large number of plates to get good checks* 
Even so, there are quite a few lines observed on only one 
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plate, and this ia decidedly a detracting factor. 
F. Sucrose 
As can be seen from Figures 9 and 10, and from Table III, 
the Raman spectrum of sucrose is rich in lines. There are 
several strong crystal frequencies and other low-valued fre­
quencies of lesser intensity. Again, in this sugar, there ia 
a strong, sharp line (/^V849 cm"^) attributable in all prob­
ability to the pyranose ring of the glucose portion of the 
molecule. However, there is no line around 900 cm"^ which 
has the characteristic intensity and sharpness necessary for 
it to be attributed to the furanose ring of the fructose 
portion of the molecule. This may be significant, but it 
cannot counteract the fact that sugars containing furanose 
rings have their glycosidic derivatives hydrolyzed about one-
thousand times as fast as the corresponding pyranose deriva­
tives and that sucrose is Just such a sugar^®. 
Ellis and Bath (loc. clt.) have pointed out that in 
crystalline sucrose there are 0-H groups both perturbed and 
unperturbed by hydrogen bond formation. The present investi­
gation supports this too, inasmuch as there are low-valued, 
broad 0-H bands in addition to a fairly sharp 0-H line at a 
higher frequency (of. Table III and Figxires 9 and 10). 
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VII. SUGGESTIONS FOR FURTHER WORK 
1. An Investigation of as many of the eight pyranoae 
types (Figure 6) as possible should be made. 
2. Wherever possible^ large single crystals should be 
used so that polarization properties of the lines can be 
determined. The best sugars to use for this purpose would be 
^-1-arablnose (grown from water) and^-d-mannose (grown from 
water-acetic acid solution). 
5. The frequencies of the 0-H groups should be deter­
mined by replacing the five hydrogen atoms on the five 0-H 
26 groups by deuterium atoms . This would best be carried out 
on the relatively Insoluble sugars, d-galactose and 
^-arabinose. 
4. Improvements in the method of excitation should be 
found so that pictures can be obtained in less time. The use 
of the hellcoldal lamp Is inefficient in the case of the 
powders; a more highly concentrated source of light would be 
preferable. 
5. The Raman spectra of some sugar mixtures should be 
obtained in order to gain an idea of the feasibility of the 
method as a means of qualitative and quantitative analysis. 
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VIII. SUMMARY 
A technique for photographing Raman spectra of crystal­
line organic powders and solutions with very poor scattering 
power is described. A low-pressure, mercury-argon discharge 
tube (the unreveraoii Hg A 2537 A line excited the Raman 
spectra) was used in conjunction with complementary filters 
of aqueous succinic acid (saturated, 4 mm thick) and a 
mercury-vapor absorption cell (10 cm long, 150®C). 
The Raman spectra of anhydrous - and -d-glucose, an­
hydrous y^-d-mannose, crystalline sucrose, and equilibrium 
aqueovis ^-glucose solutions containing 5, 15, and 50 moles of 
water per mole of glucose have been obtained. Thirty-six 
lines were fo\md for <-d-glucose, 32 for/i^-^-glucose, numer­
ous new bands for the equilibrium d-glucose solutions, 73 
lines for ^ -^-mannose, and 76 lines for crystalline sucrose. 
Of the four sugars studied in the crystalline state, 
only -glucose fails to show a strong frequency in the 
region where the breathing frequency of a considerable number 
of slx-membered cyclic compounds lies. 
All four sugars have their O-K stretclilng frequencies 
lowered, thus Indicatinr', inter-molecular or intra-molecular 
hydrogen bonds. In addition, however, sucrose shows evidence 
of possessing imperturbed 0-H groups aa exemplified by a 
fairly sharp 0-H frequency of a higher value. 
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It la highly probable that the vibrational frequencies 
could be used for qualitative and possibly quantitative 
analysis In sugar chemistry* 
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NachzeHegung > < Hauptzerlegung 
Figure 1. The double spectrograph for crystal powders. 
(After Conrad-Billroth, Kohlrausoh, 
and Reitz^). 






Figure 5* Raman apeotra of p-hydroxy bensaldehyde 
taken with double"apectrographt 
upper—5 hr, with wide, 




Figure 4» Modele for the pyranoae ring: I. Saohae 
trana form; II, Sachae aTininetrical oia 
form; III. and IV. carbon atoma in one 
plane (or nearly ao), oxygen atom out 
of thla plane; V. monoplanar strained 
model. (After labell^). 
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Figure 5. The eight poaalble Saehae forme for the 
pyrancae ring. (After 
Soattergood and Pasou°)« 








d-l i >j« rf-do lUiUbCp' »^4 f-ft'JOho()t<MO 
H A—fy 
HONOH H/ i-.Mujij Hj J Lvt«» W {-a-r. v*. u j 
i^p 




Jul I.} >»<d fiJ I 1 ).J0ptA"*3 
u d-j-N! tnaJlHp'>1* < »•;!•;>{ 
ho/dh e 










:U«OH R«:i R»^'-CUiOU K*C-CUiOU II oil 
Figure 6. The eight pyranose types. 
(After Isbell*). 
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Flgura ?• Apparatus used In 2537 exoltatlon: 
1. Hanovia SC~2537 dlsoharga 
tube, 2. filter Jaoket, 3. 
Wood*8 tube, 4. powder tube. 
Figure 8. Enlargements representative of the Raman spectra obtained by 
fig ^ 2537 A excitation: 1. anhydrous <<-^-glucose, 2. 
anhydrous /?-^-glucose, 3. 5 moles UzO/mole glucose, 
4. 15 moles HoO/mole glucose, 5. ca. 520 moles H2O/ 
mole glucose to«l molar). The two bands in 1 and 
the higher A of the two bands in 2 lying to the low 
Aside of Hg 2803.5 A belong to a band system in the 
arc which encroaches 8li£*htly on the 0-H region. 
Figure 9. Raman apeotrat upper—cryBtalllne suoroae; 
lower—anbydrouB B -d-xnannose. 
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Figure 10. Chart of the vibrational frequenoiea of 
sucrose, oC -d-glucose, /^-d-glucose, 
and /^-d-mannose. (Intensity 
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Figure 11. Superposition of mierophotometer tracings of: 
1. 5 moles fi20/mole glucose, S. 15 moles 
figO/mole glucose, 5. 50 moles H20/mole 
glucose, 4. high A part of plate with 
suitable exposure in this region but 
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Figure 12. Vibrational modes of a alx-nembered ring 
and of a CE2 group. (After 
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Figure 13. Raman spectra of some saturated ring compounds 1 
1. piperazine, 2. dioxane, 3. morpholine, 
4* piperidine^ 5. pentamethylene oxide, 
6* ojclohexanoj 7. cyclopentane, 8* cyclo-
butane (derived from oyclobutyl derivatives), 
9. cyclopropane, 10. ethylene oxide. 
(After Eohlrausch, ref. II, p. 156). 
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Schematisches 5rwariungsspektruni; nur Ringsc/twingungen. 
100 200 300 m 5DD 600 700 800 900 1000 ftOO 1200 1300 WO 
\r:.s r, 1  .^ t.2 
1  i l  
' 
il)^  \(03 
± 1  ;  
f'l !  
t  1  i  
f .  0  n f 
Ti 
1  1 
i 
(i)^  •  J  •  7-Wa 1 
<;» 
1  1  
Ti ^2 % 
1  !  !  
I " ' '  
1  t i  
i f  
J  J  
o 7i,3 1 IP '  H  " 'a  ^7.tx [^ 3 i  ,  i f  •  1 ;  1 1  11  1 
Molekiil-Spekfrum; Ring-und CHSc/iwingungen. 
Djg-Cyclohexan 
- , i r !  M  M  i l  \cn\ CH : 1  1  1  % ^  /T/ 1 \f CM 
Cr 
Piperid'm 1 \  '  ^  ^  '  
' 1  •  i  i  1  ^  * )  •  
U CH 




1 i j  i  i '  V  a t .  1 i ' 1  1  '  7  CH 
C2k 
' Pipemzin i  
1  
It • Oi 
\ i '  CH Oi 1 J  , i  1  J j  CH 
Dioxan 1  1  V \ i  :  M  H j  ch :  •  '  CH CH I I  ;  7,6 1  CH' 1 ;  
tt-Trivymeffylen „  ,  i  1  ,  ^ 2  i  1  3  {  i  "  m.s.e CH ! ch }8 
r*.s >  1  t - i  ;  1  .  1  i .. ,  l i  1  1  I  CHl | l  I .  "  •  I  . i  ^  I I I  I   . 1  I M  i  \ J  U  
100 200 300 m 500 600 700 800 900 1000 WO 1200 1300 WOO 1SOO 
Figure 14* Upper—Bohematlc apeotra «xpeoted of some 
slx-membered rings. 
Lower—analyzed spectra of some alx-
membered rings. 
(Frequencies numbered according to 
Figure 12.) 
(After Kahovec and Kohlrausch^^.) 
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